ABSTRACT Competing models of mitochondrial energy metabolism in the heart are highly disputed. In addition, the mechanisms of reactive oxygen species (ROS) production and scavenging are not well understood. To deepen our understanding of these processes, a computer model was developed to integrate the biophysical processes of oxidative phosphorylation and ROS generation. The model was calibrated with experimental data obtained from isolated rat heart mitochondria subjected to physiological conditions and workloads. Model simulations show that changes in the quinone pool redox state are responsible for the apparent inorganic phosphate activation of complex III. Model simulations predict that complex III is responsible for more ROS production during physiological working conditions relative to complex I. However, this relationship is reversed under pathological conditions. Finally, model analysis reveals how a highly reduced quinone pool caused by elevated levels of succinate is likely responsible for the burst of ROS seen during reperfusion after ischemia.
INTRODUCTION
The in vivo rate of oxidative ATP synthesis is matched to the cellular ATP hydrolysis demand in working muscles through a feedback mechanism involving ATP hydrolysis products, inorganic phosphate (P i ), and ADP, as a result of increases in cardiac work rate (1) (2) (3) (4) (5) (6) . The in vivo concentrations of these metabolites observed at different work rates have been shown to closely match the concentrations required to produce the corresponding rates of ATP synthesis in purified mitochondria (7) (8) (9) (10) . In the working heart, the concentration of cytoplasmic P i is thought to be the most important feedback signal controlling oxidative phosphorylation (1) (2) (3) 11) .
The fundamental feedback relationship between products of ATP hydrolysis and stimulation of ATP synthesis in vivo has been challenged by an alternative hypothesis whereby the open-loop stimulation by calcium, or some other signal, represents a significant contribution to in vivo control of oxidative ATP synthesis (12) (13) (14) . While it is possible to design in vitro experiments that demonstrate the effects of calcium on mitochondrial NADH production, respiratory activity, and ATP synthesis (15, 16) , attempts to demonstrate these stimulatory effects within the physiological range of calcium concentrations, temperature, ionic strength, and substrate concentrations, have failed (7, 17, 18) . Furthermore, it has been demonstrated that calcium transport is not necessary for energy homeostasis in heart (19) .
In addition to reducing oxygen to water via complex IV, the other mitochondrial respiratory complexes are capable of producing a number of reactive oxygen species (ROS) (20) . It was originally believed that the ROS-generating side reactions were purely detrimental. For instance, many proteins possess cysteine and methionine residues that are sensitive to ROS levels (21) (22) (23) , and certain phosphatases may be particularly susceptible to oxidative stress induced by elevated ROS (24) . However, it is now understood that certain reactive oxygen species are important physiological signaling molecules (25, 26) . Elevated ROS levels from complex I caused by matrix alkalization after mitochondrial KATP channel opening contributes to cardioprotection against ischemia/reperfusion injury (27) . However, we should note that the existence of the KATP channel is still debated (28) . Activation of the PI3K-Akt pathway leads to increased ROS production (29) . Reactive oxygen species also play a role in regulating transcription of genes involved in energy metabolism (30) by stimulating PGC1a (31) .
While it is accepted that mitochondria are a significant source of cellular ROS, the precise sites of ROS generation (specifically hydrogen peroxide and superoxide ion) in mitochondria have only recently been determined (32) (33) (34) . The sites of ROS production are substrate-specific and some sites have a higher capacity for ROS production than others (33) . For example, when mitochondria oxidize succinate in vitro, the major source of ROS is believed to be the quinone-reductase site in complex I, but the NADH-oxidase site also likely contributes to ROS production (35,36). When glutamate and malate are oxidized, the NADH-oxidase site in complex I and the quinol-oxidase site in complex III are the major sites of ROS production. In addition, dihydrolipoamide dehydrogenase, also known as E3, has the capacity to produce a significant amount of ROS during substrate oxidation (37-40). Extrapolating ROS production rates measured in vitro to expected rates in vivo must be done with caution (26) . As it is currently extremely difficult to accurately measure ROS production in vivo, a mathematical model is required to identify the precise conditions that lead to ROS production from the various potential production sites and predict how these sites will contribute to net production under physiological and pathological conditions.
Our recent work identifying and analyzing thermodynamically constrained models describing the catalytic mechanisms of respiratory complexes I (35) and III (41) as well as the availability of the data of Vinnakota et al. (42) on cardiac mitochondrial respiratory rates, redox states of NADH and cytochrome c, and membrane potential under physiological concentrations of ADP and P i , provide the opportunity to develop a theoretical model of oxidative phosphorylation of unprecedented biophysical detail and robustness. Because the kinetics of superoxide and hydrogen peroxide production by complexes I and IIl have been determined for the models of Bazil et al. (35, 41) , the present objective is to integrate these mechanisms into a model that can simulate both the respiratory dynamics associated with ATP production and the kinetics of ROS production in a single integrated system.
The developed model reveals how oxidative ATP synthesis responds to changes in ATP demand through a negativefeedback control mechanism involving both ADP and P i , predicts that an increase in the quinone pool (Q pool) redox state is responsible for the apparent activation of complex III by inorganic phosphate, and shows that complex III is responsible for more ROS production during physiological working conditions compared to complex I but that this relationship is reversed during pathological conditions. Finally, the model is used to analyze a recently reported phenomenon in which highly reduced Q pool caused by elevated levels of succinate can be responsible for the burst of ROS seen during reperfusion after an ischemic or hypoxic period (43).
MATERIALS AND METHODS
The 2005 model of oxidative phosphorylation of Beard (44) , which uses a mixture of kinetic and mass action descriptors for the essential components, provides a basic framework for model development. A model diagram of the updated model is shown in Fig. 1 . The model descriptors for NADH production, complexes I, III, and IV were updated to capture the substrate/product and hydrogen peroxide/superoxide production kinetics (35, 41, 45 ). An empirical descriptor for complex II that is proportional to the NADH production rate was also added to the model. In the original Beard model (44), the NADH production descriptor contained a P i activation mechanism. This was replaced with a regulatory function that incorporates feedback in mitochondrial [ATP] , [ADP] , and [P i ]. See Vinnakota et al. (42) for discussion on the development of this model component. The complex I model includes the components necessary to simulate NADH-quinone oxidoreductase activity as a function of pH and mitochondrial membrane potential (DJ) and also the detailed redox biochemistry required to simulate hydrogen peroxide and superoxide generation by the FMN and the SQ sites (35). In a similar manner, the complex III model simulates quinol-cytochrome c oxidoreductase activity as a function of pH and DJ, as well as the redox biochemistry involved in superoxide formation (41). Hydrogen peroxide and superoxide scavenging is modeled using a simple empirical description using published estimates of the first-order rate constants for the superoxide dismutase and peroxidase reactions (46). The complex IV model captures the relationship between O 2 consumption and the major kinetic drivers, the concentration of cytochrome c 2þ and DJ, as inferred by Murphy and Brand (45) . The model for adenine nucleotide translocase (ANT) was updated with more complete model of ANT kinetics (47). Lastly, an ATPase model was added to enable simulation of the Vinnakota data set. The full model equations and parameter details are given in the Supporting Material and are provided in the MATLAB codes (The MathWorks, Natick, MA) for simulating the model.
The data used to parameterize the model provide steady-state measurements of complex IV flux, NADH and cytochrome c redox states, and inner mitochondrial membrane potential as functions of extramitochondrial [ADP] and [P i ] maintained at different levels by the addition of the ATP hydrolyzing enzyme used to drive suspensions of purified mitochondria into different work states. Full experimental details are reported by Vinnakota et al. (42) . In brief, isolated rat heart mitochondria were subjected to different ATP demand loads in the presence of low (1 mM) or high (5 mM) P i . These data are used in conjunction with supplemental data to estimate the model parameters (see the Supporting Material).
The flux control coefficients were numerically computing by evaluating the following expression:
where C i k is the ith flux control coefficient for the kth reaction, J i is the ith flux, and p k is the kth parameter associated with the kth reaction (usually an enzyme total or activity). The flux control coefficients are normalized sensitivity coefficients and do not necessarily reflect physiological control mechanisms. They are a measure used to assess the relative importance of a system component for a given system output.
The model was developed, parameterized, and simulated on an HP desktop PC with an Intel i7-3770 CPU at 3.40 GHz and 16.0 GB of RAM using MATLAB ver. 2014b (The MathWorks). A local, gradientbased optimization algorithm was used to estimate the model parameters.
RESULTS AND DISCUSSION
Our model of mitochondrial respiration and oxidative phosphorylation is depicted in Fig. 1 . This model was based on the 2005 Beard model (44) and consists of new descriptors for substrate oxidation, the electron transport chain, and oxidative phosphorylation. The model was parameterized using a data set that elucidates how oxidative ATP synthesis is regulated in the heart under physiological conditions (42). Model simulations compared to data are shown in Fig. 2 , and complex IV flux (V O2 ). In Fig. 2 , A-D, each of the other four variables is plotted versus V O2 at two different P i concentrations. As the ATPase activity is increased, V O2 increases, NADH becomes progressively oxidized, and the membrane potential is decreased. Despite a drop in NADH, the cytochrome c reduction level increases with the respiration. The model-predicted relationships between cyt c 2þ and V O2 and between DJ and V O2 are different for the different P i concentrations used in the experiments, but these relatively small differences cannot be resolved in the data based on noise in the measurements. However, there is a clear difference in the relationships between [ADP] and V O2 at different P i concentrations. Higher ATPase and V O2 rates are attained at a given [ADP] with [P i ] ¼ 5 mM compared to with [P i ] ¼ 1 mM. This is because over the observed concentration ranges, both P i and ADP stimulate oxidative phosphorylation in vitro. Table 1 lists the adjustable parameters for the model used to fit the data shown in Fig. 2 . The top ranked parameters in decreasing order of sensitivity are involved with substrate oxidation, ADP/ATP translocation, and extramitochondrial ATP hydrolysis. Specifically, the substrate oxidation parameters associated with the NADH/NAD þ mass action ratio, the maximum rate of the matrix NADH dehydrogenases, and the a regulatory constants associated with NADH production, are ranked first, second, and third, respectively. The total enzyme content for ANT is the fourth highest ranked sensitive parameter. And the ADP inhibition constant for the external ATPase is the fifth highest ranking parameter. The least sensitive parameter is the activity of the endogenous proton leak. This parameter is only sensitive when the membrane potential is high and ADP is not being actively phosphorylated. Detailed definitions of these parameters in the context of the model equations are given in the Supporting Material.
Model simulations of mitochondrial pH and Q pool redox state are shown in Fig. 2 , E and F. Predictions of mitochondrial pH are consistent with experimental observations (48). In addition, the pH is lower when [P i ] is high (see Fig. 2 F, inset), which is also consistent with experiments (49-51). The simulated pH values are below those reported by some studies (50) but above or in agreement with those reported by Bose et al. (11) and Baysal et al. (52). Matrix pH is highly dependent on the experimental conditions. For isolated mitochondria, when sucrose is used as the major osmotic supporting component, matrix pH is more alkaline. However, when more physiological buffers (e.g., KCl-based in the presence of permeable counterions) or body temperatures are used, the matrix is more acidic. Fig. 2 F shows that the Q pool gets progressively reduced as the workload is increased. This is because turnover of complex I is more sensitive to changes in DJ than turnover of complex III. This is partially attributed to the fact that complex I moves
Model simulations compared to experimental data from isolated rat heart mitochondria. An extramitochondrial ATPase, apyrase, is titrated into the system to stimulate oxidative phosphorylation. Data and model simulations of key bioenergetics variables (NADH in A, membrane potential in B, cytochrome c 2þ in C, extra-mitochondrial ADP concentration in D, mitochondrial pH in E, and UQH 2 in F) are shown for low [P i four protons from the matrix to the innermembrane space, while complex III only effectively pumps two protons. So when mitochondria are challenged with increasing workloads that result in depolarization of DJ, the Q pool becomes more reduced because the flux through complex I is stimulated to a greater degree per mV depolarization. In addition, higher respiration rates also lead to shifts in TCA cycle intermediate concentrations and likely result in a higher fraction of electrons entering the respiratory chain from FADH 2 (53). Thus it is conceivable that SDH flux also rises with work as with NADH oxidation. Fig. 3 explores the behavior of the model when respiration is stimulated via uncouplers rather than ATP hydrolysis. Uncoupling by FCCP is simulated by increasing proton leak activity, plotted on the x axis in Fig. 3 A. As uncoupling activity is increases, the redox poise of the cytochrome redox system becomes slightly reduced while the membrane potential decreases up to a point. The redox poise of the Q pool displays a biphasic behavior where small increases of FCCP activity lead to a reduction up until~3 mmol H þ /s/l mito /mV. Larger increases beyond this value lead to a net oxidation of both the Q and cytochrome c pools. This progressive oxidation of the Q pool with increasing FCCP activity over this range is in agreement with observations by others (54,55). The Q pool redox state responds identically to respiration stimulated by uncoupling or extramitochondrial ATP hydrolysis up until the maximum capacity of OxPhos is attained (saturating extramitochondrial [ADP] ). This is due to an intrinsic property of mitochondrial respiration set by the near equilibrium conditions of the ATP synthase reaction and the thermodynamic equivalency of protons whether they cross the inner mitochondrial membrane through the action of an uncoupler or the naturally occurring OxPhos-dependent proton pathways.
Calculation of the flux control coefficients for the model reveals that there is no single rate-limiting step, and there is a shift in the control coefficient profile during changes in work at low and high P i . The flux control coefficients for the major reactions in the OxPhos pathway during increasing workloads for low and high P i were calculated 
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using Eq. 1 and shown in Fig. 4 . For high P i (Fig. 4 A) , the control profile is qualitatively, and in many cases quantitatively, similar to that reported previously using an experimental approach (56-59 Care should be taken in interpreting the computed control coefficients, which represent the relative amount the steady-state respiratory flux would change given a change in the activity of a given enzyme or transporter. Thus, the magnitudes of the control coefficients do not necessarily reflect how the system is controlled in vivo or in vitro. It only identifies how the rate of oxygen consumption would change if a given activity were increased by a small amount. For example, for the control coefficient of the lumped dehydrogenase flux to reflect a mechanism of controlling oxidative phosphorylation, then there would have to exist a mechanism for dehydrogenase activity to increase with increasing ATP demand. More specifically, because the control coefficient for ATPase is >10 times higher than that for dehydrogenase, the activity of dehydrogenases would have to vary dramatically with ATP hydrolysis rate for dehydrogenase activity to contribute significantly to the control of respiration in vivo. To equal the control of feedback by ATP hydrolysis, the dehydrogenase activity would have to increase by >20-fold for every twofold increase in ATP hydrolysis.
The model simulations of steady-state hydrogen peroxide and superoxide generation for the simulations given in Fig. 2 are shown in Fig. 5 . P i has only an indirect effect through changes in DJ and DpH on the rate of production of free radicals. The contributions of ROS production by complexes I and III are shown in Fig. 5 A. The rate of free radical production from complex III is higher relative to complex I throughout the range of physiological workloads (approximately equal to 35-115 nmol O 2 /min/U CS). As the workload is increased, complex I derived total ROS falls with DJ and NADH, but the rate of superoxide production from complex III slightly rises due to the increase in UQH 2 . Moreover, the hydrogen peroxide production rate by complex I is~10% of the superoxide production rate, which strongly agrees with previous estimates (36). The rates of total free radical production (2e À equivalent) from complexes I and III during changes in work are shown in Fig. 5 B. In the steady state, the scavenging rate equals the production rate, so the rate of hydrogen peroxide consumption by the scavenging system equals the rate of the 2e À equivalent rate of free radical production by complexes I and III. The corresponding production rates as functions of DJ are shown in Fig. 5 C. As the DJ is increased, the steady-state rate of free radical production increases and agrees with experimental observations (60).
Reports of mitochondrial ROS production as a fraction of O 2 consumption are in the range of 0.01-2% (61-63). These reported values are ROS emission rates, where ROS emission is defined as ROS production minus ROS scavenging. In the physiological setting, the fractions are more likely to be on the lower end of this range (26) . Model simulations reinforce this approximate range and give values ranging from 0.1 to 2% as shown in Fig. 5 D. Note that for the simulations shown, the O 2 concentration is 200 mM, corresponding to partial pressure in room air, which is above the expected physiological range and these percentages are for total ROS generation, which includes ROS scavenging. Because ROS emission rates are underestimates of the true production rate (34, 62, 64, 65) , the simulated ROS production rates are in the range of expected values. Moreover, setting the O 2 concentration to 20 mM, a more Simulation results in Fig. 5 are under conditions of forward electron transport, where electrons are transferred along the ETC from NADH and FADH 2 to O 2 . Mitochondrial can produce free radicals at 10-fold higher production rates during reverse electron transport (RET) conditions, which is a pathological mode of superoxide production that requires both a high DJ and highly reduced Q pool (see below). During RET, mitochondrial ROS production is much higher relative to O 2 consumption and is responsible for the burst of ROS seen during reperfusion (43).
Using the model, we explored the so-called bistability phenomenon reported to occur upon reperfusion after an ischemia or hypoxic period (69-71). This phenomenon is characterized by two distinct rates of free radical production from complexes I and III for the same or very similar conditions, which was proposed to explain the different ROS production rates before and after a perturbation such as ischemia/reperfusion. The model was appended to include the ATPase flux expression and phosphoenergetics dynamics of Wu et al. (1) that include the creatine kinase and adenylate kinase reactions and the extramitochondrial water space to mitochondrial volume ratio was adjusted in accordance with measurements of cardiomyocyte density and composition data (42). The details are given in the Supporting Material. Fig. 6 shows the model results for a simulated ischemia/reperfusion protocol. For the initialization period, the model parameters given in Table 1 concentration was set to 1 nM to reflect the hypoxic conditions during ischemia. For the reperfusion period, the O 2 concentration was set back to the baseline value. Two different ischemia/reperfusion (I/R) simulations were performed. For I/R Simulation 1, the normal mitochondrial model was used for the full time course. For I/R Simulation 2, the complex II activity and its apparent equilibrium constant were both increased upon reperfusion to account for an accumulation of succinate that occurs during ischemia (72,73). This modification is further justified by an analysis of the model behavior during ischemia. As shown in Fig. 6 A, DJ does not fully depolarize during ischemia despite the absence of O 2 . Flux through complexes III and IV goes to zero, but complex I flux does not (not shown). This is due to reversal of complex II. Complex II supplies complex I with UQ so that it maintains the DJ at a cost of accumulating succinate. In the recovery period, the model parameters are reset to the conditions for the initialization period. Simulating ischemia/reperfusion using I/R Simulation 1 did not lead to a bistability in ROS generation and the system returns to its initial operating point during the reperfusion period. But I/R Simulation 2 does produce a bistability in ROS generation because the rate of UQH 2 production was greater after the ischemic/hypoxic period. Furthermore, the DJ during the reperfusion period is slightly hyperpolarized for I/R Simulation 2 because the increase in complex II flux leads to higher flux through complexes III and IV. RET was maintained by a highly reduced Q pool as shown in Fig. 6 B, which led to elevated superoxide and H 2 O 2 , as shown in Table 1 and the Supporting Material. For the initialization period, the O 2 concentration is set to 30 mM, and the ATPase activity is set to 2 mM/s to produce a moderate workload demand. For the ischemic period, the O 2 concentration is set to 1 nM to reflect the hypoxic conditions during ischemia. For the reperfusion period, the O 2 concentration is reset to its original value for both I/R Simulations 1 and 2. For I/R Simulation 2, the complex II activity and its apparent equilibrium constant are both increased by a factor of 10 to account for an accumulation of succinate that occurs during ischemia (72,73). In the recovery period, the model parameters are reset to the conditions for the initialization period. The steady-state model output for DJ, fraction of UQH 2 , superoxide, H 2 O 2 , ROS production and O 2 consumption are shown for (A)-(F), respectively. To see this figure in color, go online.
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and leads to a 10-fold higher ROS production rate compared to forward electron transport (as compared to ROS production during the initialization period). This is only possible when there is a buildup of substrates that directly lead to UQH 2 (e.g., succinate). The O 2 consumption rates are also higher for I/R Simulation 2 as shown in Fig. 6 F due to a combination of higher UQH 2 and cyt c 2þ (not shown). Fig. 6 presents a simplified simulation of a very complex phenomenon. There are several additional enzymes capable of producing ROS that are not included in this model formulation (33, 62) . These sources are important under certain conditions and may be added to expand the model to include more detailed free radical scavenging dynamics (74-76). Heterogeneities, transport, and diffusion-limited processes are also not modeled, so model dynamics do not reflect exactly what is anticipated to occur in vivo. For example, the dynamics of free radical production in ischemic tissues is on the order of minutes (77-79), but these include a variety of extramitochondrial factors that are beyond the scope of this study. In the model simulations, the O 2 concentration was instantaneously changed to induce changes in state-variable dynamics. In a more realistic simulation, the rapid changes shown in Fig. 6 would be slowed. However, it does demonstrate that to generate a burst of ROS during reperfusion after a period of ischemia or hypoxia, an additional fuel source that directly feeds electrons into the Q pool must be available. This conclusion is strongly corroborated by Chouchani et al. (43), who demonstrate that elevated ROS production during reperfusion after ischemia is due to accumulation of mitochondrial succinate. During ischemia, there is partial reversal of the malate/aspartate shuttle and fumarate overload caused by purine nucleotide breakdown, which leads to elevated mitochondrial succinate levels that lead to an over-reduced Q pool. Upon reperfusion, the reintroduction of O 2 reenergized the mitochondrial membrane and restarted oxidative ATP synthesis. It is at this point when the excess succinate produced during ischemia delivers a deleterious amount of ROS via RET from complex I as well as from complex III. The model simulations support this sequence of events.
In summary, we have presented here an oxidativephosphorylation model that is capable of simulating ROS dynamics is presented. The model includes updated descriptors for complexes I, III, and IV, and ANT. It is fit to recent data obtained from isolated rat heart mitochondria subjected to physiological conditions and changes in workload. The model reproduces the data with high fidelity and predicts that an increase the Q-pool redox state is responsible for the apparent P i activation of complex III. In addition, the steady-state simulation of hydrogen peroxide and superoxide production and levels are in agreement with the experimental data. It is shown that complex III is responsible for the more ROS production during changes in workload relative to complex I. However, this relationship is reversed under pathological conditions. Finally, the model is used to investigate how elevated levels of succinate are responsible for the burst of free radicals seen during reperfusion after an ischemic/hypoxic period. 
SUPPORTING MATERIAL

Integrated Model of Mitochondrial Bioenergetics and ROS Dynamics
The present model is extended from the previous model of mitochondrial bioenergetics [1] . Several flux expressions and model parameters were updated based on the recent works of Bazil et al. [2, 3] , as laid out in this model supplemental material section. This supplement consists of four parts. Part 1 lists all the state variables comprising the model, dissociation constants, and physiochemical and general model parameters. Part 2 introduces the set of fifteen non-linear ODEs, five algebraic conservation expressions (for mitochondrial ATP, NADH, UQH 2 , inter-membrane space c 2+ , and extra-mitochondrial creatine phosphate), and six non-linear cation ODEs (mitochondrial and extra-mitochondrial H + , K + , and Mg 2+ ). Equations 2.11, 2.13, and 2.20 were only used for the ischemia/reperfusion studies detailed in the main article and in section S3C. Part 3 presents the model rate equations and the associated parameter definitions and values. Part 4 details the simulation protocols used to generate the figures, sensitivity analysis, and control coefficient calculations. Part 5 discusses a steady state analysis of the model. Part 6 describes the code used to simulate the model and generate the plots given in the paper.
The outer-mitochondrial membrane (OMM) is highly permeable to ions, metabolites and substrates of low molecular weight under the given conditions. As such, all permeable inter-membrane space (IMS) state variables were replaced with their respective extra-mitochondrial counterparts, and thus not included in the model. This has the benefit of making the system of non-linear ODEs less stiff and shortens simulation time without significantly altering the simulation results. The only IMS state variables explicitly simulated in the model are oxidized and reduced forms of cytochrome c (c 3+ and c 2+ ).
S1 -Model State Variables, Dissociation Constants, and Physiochemical and General Parameter Values
The state variables used in the model, their definitions, and their units are provided in Table S1 .1. All the dissociation constants used in the model are presented in Table S1 .2. Most of the dissociation constants are taken from Li et al. [4] and corrected for appropriate temperature (T = 37 o C) and ionic strength (I = 0.17 M), corresponding to the present experiments. The physiochemical and general model parameters are presented in Table S1 .3. 
S2 -Model Differential-Algebraic Equations
S2.2A -Model Differential Equations (Bioenergetics)
Mitochondrial Membrane Potential:
Mitochondrial State Variables:
Inter-Membrane Space (IMS) State Variables:
( ) 
S2.2B -Mitochondrial Conservation Algebraic Equations
The mitochondrial species for adenine nucleotides (AdNs), nicotinamide adenine dinucleotides (NADH), ubiquinone (UQH 2 ), reduced cytochrome c (c 2+ ), and extra-mitochondrial creatine phosphate (PCr) are conserved in the model. The conservation is implemented by using an algebraic expression to govern the conservation. This is done using a mass matrix with the integration algorithm and setting the appropriate rows equal to a zero row vector. The cation differential equations for the mitochondrial and extra-mitochondrial compartments are derived using the method outlined in Vinnakota et al. [9] . The general method will be presented with the understanding that compartment specific concentrations and transport rates are to be used where appropriate. In some cases, these compartment specific equations will be given. Due to the large expressions resulting from the derivation, the method used to obtain them is presented versus explicitly showing all the terms that enter the differential equations. The equations used in the model are obtained by solving the linear system of equations given in Equation 2.19.
The generalized system of equations relating the cation differential equations is
where Y X ∂ is the partial derivative of the concentration of bound X with respect to Y (Y can equal X) and X Φ is the flux of X into or out of the compartment.
Assuming higher order cation binding is negligible, the partial derivative expressions are defined below where N r is the number of reactants, L i is the i th ligand (such as ATP, ADP, and Pi), j i K is the dissociation constant for the i th ligand and j th cation couple and P i is the binding polynomial for the ith ligand as originally defined by Alberty [7] .
Flux Terms
The terms representing flux into a given compartment are defined as 1 1
where N k is the number of reactions, n k is the stoichiometric coefficient of k th reaction, J k is the k th reaction rate and i t J is the i th cation transport rate into the compartment.
The ligand dependent partial derivative expressions are defined as
Compartment Reactions and Fluxes
The generation of protons by biochemical reactions in the mitochondria is defined as
This term is zero in the extra-mitochondrial compartment.
The transport of cations into the mitochondrial compartment are defined as
The biochemical equation for the mitochondrial dehydrogenase is defined as For model details, see [2] . In brief, the model is a five-state model that includes the minimal components necessary to simulate NADH-quinone oxidoreductase activity as a function of pH and mitochondrial membrane potential (ΔΨ) and also the detailed redox biochemistry required to simulate ROS generation by both the FMN and the SQ sites. The model consists of numerous binding polynomials that represent various combinations free, substrate-bound, product-bound, and protonated states and characterizes the multiple redox states of the enzyme. In addition, the thermodynamic equations are corrected for pH, temperature, and ionic strength. The model equations consist of about a hundred supporting equations that culminate into the following matrix equation describing the steady state fractional occupancies of the differing redox states:
( ) (
For definitions of the individual rate constants and their constituents (kN's, kSO's, and kH's), see the original article. After solving for the state occupancy vector, the rate of NADH oxidation is given as:
The rate of superoxide generation is given as:
The rate of hydrogen peroxide generation is given as:
And for numerical stability, the rate of UQ reduction is coupled to the above rates such that:
Below is an updated list of parameters. For model details, see [3] . In breif, the model is a six-state model that simulates quinol-cytochrome c oxidoreductase activity as a function of pH and ΔΨ, as well as, the redox biochemistry involved in superoxide formation.
The model consists of numerous binding polynomials that represent various combinations free, substrate-bound, product-bound, and protonated states and characterizes the multiple redox states of the enzyme. In addition, the thermodynamic equations are corrected for pH, temperature, and ionic strength. The model equations consist of dozens of supporting equations that culminate into the following matrix equation describing the steady state fractional occupancies of the differing redox states: 
For definitions of the individual rate constants and their constituents (k QH2c3+ 's, k QH2 's, and kSO's), see the original article. After solving for the state occupancy vector, the rate of ubiquinol oxidation is given as: 3  3  3  3  3  3  2  2  2  2  2  2  2  2  2   3  3  2  2  2 1
The rate of superoxide generation is given as: And for numerical stability, the rate of cytochrome c reduction is coupled to the above rates such that:
Note that some equations are presented slightly differently than in the original article. See the Matlab codes for latest formulation. Below is an updated list of parameters. was converted to concentration using the measurements given in Estabrook and Holowinsky [26] .
Proton leak
The electrophoretically driven proton uptake via leak pathways was updated to account for the highly non-linear nature of the leak across energy-transducing membranes [27] . The proton leak permeability, P Hleak , is an adjustable parameter and set to 1.78x10 3 mol/s/lmito/M:
S3B -Oxidative Phosphorylation Related Reactions Rates
Adenine nucleotide translocase (ANT)
The biochemical equation for ANT is defined as 
4 3 / , 3 3 
The rate expression used in the model is ( ) a The activity was lowered from the cited value to reduced the stiffness of the system of DAEs. This resulted in negligible differences in state variable dynamics for the simulations that were used to identify this parameter value.
Inorganic phosphate carrier (PiC)
The 
S3C -Ischemia/Reperfusion Reaction Rates
Note, the Complex II, adenylate kinase, creatine kinase, and external ATPase reactions shown below were only used for the ischemia/reperfusion simulations. In addition, the extra-mitochondrial water space to mitochondrial volume ratio, Vol e , was set to 3 in accordance with measurements of cardiomyocyte density and composition data [6] .
Succinate-ubiquinone oxidoreductase: Complex II
The biochemical equation for Complex II is defined as
The rate expression used in the model is [5] a Set to achieve an intermedial level of respiration.
S3D -Cation Related Reaction Rates
Potassium-hydrogen exchanger 
S4: Simulation Protocols, Sensitivity Analysis, and Control Coefficients
For specific details of the simulation protocols, see the available Matlab codes. In brief, for each Pi condition, 1 mM or 5mM, the model was initialized for 60 s of simulation time. Then the external ATPase (Apyrase) rate was adjusted to the rate reported in the experimental companion paper, and the model was simulated for 5 minutes. To remain faithful to the experimental protocol, the state variable trajectories were compared to the experimental data after 3 minutes of simulation time. As such, some model state variables may have not reached their steady state values while others are quite close. The rate of approach to steady state is set by the slowest component in the system. In this case, it is the overall mitochondrial ATP synthesis and transport rate that sets the rate.
For the sensitivity analysis, the complex method [33] was used to approximate the first order derivatives of the model outputs (e.g. NADH, ΔΨ, Cyt c 2+ , Buffer ADP, and V O2 ) with respect to the parameter values after 3 minutes of simulation time. Then, for each parameter, all the non-zero sensitivity coefficients were averaged and are reported in Table 1 of the main article.
For the calculation of the control coefficients, the method outlined in Kascer and Burns was used [34] . Specifically, the sensitivities for all the independent fluxes and state variables were taken with respect to the parameter values and the state variables using the complex method at the simulation time corresponding to the steady state in the experimental protocol (approximately 3 minutes). The normalized flux control coefficients for a given flux taken with respect to a given reaction are computed by taking the product of the derivative of that flux with respect to the enzyme concentration and normalized by multiplying the enzyme concentration and dividing by the flux as detailed in Kascer and Burns.
S5: Steady State Analysis
Representative simulations for the model dynamics for the simulated experiments are given below in Figure  S5 .1.
Figure S5.1. Model dynamics of key state variables for the simulation protocol used to reproduce the experimental data in the companion paper. For this simulation, the model was simulated for 5 minutes under the experimental conditions described in section S4 of this document. The ATPase rate was set to 0 (blue), 0.25 (orange), 0.5 (yellow), 0.75 (purple), and 1 (green) U/ml for both the 1 mM Pi case (solid line) and the 5 mM Pi case (dashed line).
For the steady state analysis, the model was simulated until the absolute values of the state variable derivatives were less than 10 -10 for both the 1 mM and 5 mM Pi condition for all ATPase rates. The fixed point was perturbed by +/-1% to generate a new initial condition. For conserved moieties such as mitochondrial adenine nucleotides, nicotinamide adenine dinucleotides, ubiquinone, cytochrome c, and cytosolic phosphate, the conservation was strictly enforced. That said, [O 2 ] was not fixed and, as such, shifted the concentration of free radicals to new steady states. The perturbation resulted in a displacement of varying distances or δ's. The model was then simulated to steady state, and a new fixed point was established. This resulted in displacements (from the original fixed point) of varying distances or ε's. The results of 100 random perturbations for all ATPase rates are given in Figure S5 is Lyapunov stable since for every ε > 0, there exists a δ such that ||x(t)-x*|| < ε for t ≥ 0 and ||x(0)-x*|| < δ. In other words, trajectories that start within δ of x* remain within ε of x* for all time. Simulate_Vinnakota2015.m -script used to call the necessary functions to simulate the model and reproduce the plots for the Vinnakota data set as given in the main article.
Simulate_FCCP_Titration.m -script used to call the necessary functions to simulate the model and reproduce the plots for the FCCP titration as given in the main article.
Simulate_IR.m -script used to call the necessary functions to simulate the model and reproduce the plots for the ischemia/reperfusion conditions as given in the main article.
DAEs.m -a function that defines the right hand side of the system of differential algebraic equations that comprise the model.
Model_IC.m -a function that defines the model initial conditions.
dGpKcorr.m -a function that corrects the Gibb's free energies of formation and pK's for ionic strength and temperature.
herrorbar.m -a function by Jos van der Geest that plots horizontal error bars and downloaded from the Matlab File Exchange server.
data.mat -cell array of experimental data.
params.mat -structure containing model parameters.
